A population of Rhizobium leguminosarum biovar viceae symbiotic on the roots of a commercial pea (Pisum sativum cv. Maro) crop was sampled by extracting a total of 249 isolates from root nodules on nine plants. Another 104 isolates were obtained by using soil from the same site to inoculate test plants, and a further 86 isolates were similarly obtained from soil 20 m distant within the crop. Each isolate was characterized for mobility variants of the enzymes glucose-6-phosphate dehydrogenase, superoxide dismutase, and Igalactosidase by polyacrylamide gel electrophoresis. All three enzymes were polymorphic, and there was a strong disequilibrium among them. Of the 15 observed combinations of alleles (electrophoretic types [ETs]), 12 were indistinguishable from those previously described for isolates from a site 25 km distant. ET frequencies were significantly different among isolates from nodules on primary roots as opposed to lateral roots. The population on each individual plant was very diverse, but ET frequencies were similar from plant to plant. The ETs nodulating the primary roots were almost, although not perfectly, mixed, since the incidence of the same ETs in adjacent nodules was only about twice that expected by chance. The two samples derived from soil had the same ET frequencies but were significantly different from the field nodule sample, although the level of diversity was similar and there were no new ETs.
In bacteria, as in eucaryotes, there is a great deal of genetic variation within species. We now have considerable information about the distribution of variation in natural populations of eucaryotes and about its response to selection, recombination, migration, and mutation. Our knowledge of bacterial populations is much more sparse, despite the many advantages of bacteria which have been widely exploited in other spheres of genetic research.
The genetic structure of bacterial populations is increasingly of practical as well as theoretical importance. For a number of bacteria, including Rhizobium spp., there are proposals to release genetically engineered forms into environments where a diverse natural population already exists (2, 13) . In no case is the genetic structure of the natural population sufficiently well understood to allow us to assess the likelihood that introduced genes will be disseminated by recombination. In addition, knowledge of the natural diversity should help in the rational choice of parents for strain improvement and reduce the risk that an introduced strain will be rapidly displaced by indigenous strains, a recurring problem with Rhizobium releases in the past (9, 11, 12, 15, 19, 21) . Successful displacement of an indigenous population is not unknown (14, 20) , but it is quite unpredictable at present.
Enzyme electrophoresis has been a major tool used very widely to explore genetic variation in eucaryotes, and its more limited application to bacteria has recently been comprehensively reviewed (6, 22) . It appears that most bacterial species have a largely clonal structure: lineages differing at many chromosomal genetic loci coexist over a wide geographic range with little indication of recombination between them. It seems likely that Rhizobium spp. too may follow this pattern, but genetic data have only been published for a * Corresponding author. single population so far (24) . Most electrophoretic surveys of bacterial species have used collections of isolates from disparate sources; only exceptionally has variation been described within a defined population (4, 7, 24) . This contrasts with standard practice in eucaryote population genetics, for which representative samples are normally collected from one or more local populations.
A major advantage of enzyme electrophoresis for the study of genetic population structure is that the observed variation usually has a clear and straightforward genetic interpretation, even in instances not previously studied. This is not true of other methods, such as serology, phage typing, or staining of total protein after electrophoresis, widely used for the differentiation of Rhizobium strains. Nevertheless, these other methods have demonstrated the substantial variation that exists within local Rhizobium populations (3, 5, 8, 10, 12, 14-16, 19, 23) and have provided a number of insights into the genetic structure of populations. For example, the high correlation between traits under putatively independent genetic control, such as serogroup and protein gel pattern (19) , supports the view that the species (Bradyrhizobium japonicum in this instance) has a strongly clonal structure. Phage typing of Rhizobium meliloti (3) demonstrated temporal and spatial variation: two sites 2 km apart shared some types, but their relative frequencies were very different and varied somewhat from one year to the next. In 1942, Hughes and Vincent (8) wrote: "The extent of similarity or differences that occur between isolates from contiguous plants has seldom been indicated; there is some information as to strains isolated from the single plant and within the one nodule, but even here more information seems to be required." Despite the limited resolution and ambiguities of the serological technique available to them, they were able to demonstrate that isolates from neighboring alfalfa or clover plants or even from separate nodules on the same plant were often of unlike types but that independent isolates from the same nodule were always indistinguishable. Unfortunately, this pioneering work on the distribution of strains between and within plants has never really been followed up, so the quotation remains as apt today as when it was written. This paper reports part of a continuing effort to understand the genetic structure of Rhizobium populations. An earlier study (24) examined the genetic relationships among the three biovars of Rhizobium leguminosarum, biovars viceae, trifolii, and phaseoli, isolated from a single site. A number of distinct chromosomal genotypes were identified, most of which were not confined to a single biovar. We have now used the same technique, enzyme electrophoresis, to take a closer look at the Rhizobium population nodulating a pea crop. In Britain, farmers normally rely on the indigenous R. leguminosarum for nodulation of their pea crops. How diverse are the symbionts within a seemingly uniform crop, and how much do they vary from plant to plant? Are most nodules on a single plant formed by the same strain? How does the genetic composition of the population vary within a field and over larger distances? Is chromosomal recombination widespread, or can we recognize independent clonal lineages within the species? The objective of the present study was to provide some preliminary answers to these questions.
MATERIALS AND METHODS
Sample site and sampling of field nodules. Samples were collected on 6 June 1984 from a field of peas (Pisuim sativum cv. Maro) growing in Home Close (British National Grid map reference TM 054997) at the Norfolk Agricultural Station, Morley St. Botolph, Norfolk, England. Nodules were sampled by digging up nine pea plants that were growing at 10-cm intervals along an east-west transect 20 m from the eastern edge of the field (site 1). Bacteria were isolated from each of the first 20 nodules on the primary root (starting at the top) and from an arbitrary sample of 20 well-spaced nodules (or as many as available) on the lateral roots of each plant. Root systems were sterilized in hypochlorite, and bacteria were sampled from the interior of nodules by stabbing the nodules with a sterile toothpick and plating the samples on TY agar (1) . In all, 334 nodules were sampled, and one single-colony bacterial isolate was obtained, after restreaking, from each of 310 of them. To avoid prejudicing the sampling, we isolated the predominant bacterial type from each streak, regardless of colony appearance.
Each isolate was characterized by polyacrylamide gel electrophoresis of the enzymes glucose-6-phosphate dehydrogenase (G6PD; EC 1.1.1.49), superoxide dismutase (SOD; EC 1.15.1.1.), and 3-galactosidase (BGAL; EC 3.2.1.23) as previously described (24) . As before, esterase variation was also examined (by using 4-O-methylumbelliferyl acetate), but the resulting complex patterns were not formally classified. Each distinct combination of mobility variants for the enzymes G6PD, SOD, and BGAL was called an electrophoretic type (ET) (4) and was described by three letters representing G6PD, SOD, and BGAL, respectively. Thus, ET MFF has G6PD-M, SOD-F, and BGAL-F alleles.
Each isolate was tested for nodulation of pea plants (strain JI1195) grown axenically on an agar medium (25) . When tested and retested, 61 isolates failed to induce nodules on pea plants. Many of these were atypical in appearance (yellow pigmented, for example, or nonslimy), and all had enzyme patterns quite unlike those of authentic R.
leguiminosariim. It was concluded that these were nonrhizobial contaminants (possibly nodule inquilines?), and they were not analyzed further. Isolation of strains from soil samples. Soil was sampled at site 1, near the center of the transect, by collecting approximately 200 cm3 from the top 10 cm by using a sterile trowel. A similar soil sample was collected from a site 20 m east, at the very edge of the planted area of the crop and 1 m from a drainage ditch (site 2). There were some weeds at this site, but these were not legumes. Each soil sample was well mixed, shaken with sterile water (100 mg ml-1), and used to inoculate pea plants (strain JI1195) grown axenically on agar in individual flasks (25) . Each plant received 100 Ill of soil suspension, and a single resultant nodule was sampled from each plant. No nodules formed on uninoculated control plants. Isolation and characterization were carried out as described above; 104 Rhizobium isolates were obtained from site 1, and 86 were obtained from site 2.
Analysis of data. The observed frequencies of ETs were compared with expected values or with other data by using chi-square tests. Classes were combined when necessary to ensure that expected numbers were at least five in each cell.
Results are presented as the test statistic (x2), degrees of freedom (df), and probability of equal or greater deviation (P).
To test whether adjacent nodules carried the same ET more often than expected, we found it necessary to calculate the distribution of the expected number of pairs of consecutive identical isolates. Since the observed sequence of isolates contained a number of irregularly spaced gaps (see Table 3 ), an analytical solution would have been very cumbersome; instead, the required distribution was obtained by simulation. The observed pattern of gaps in the data was taken as a fixed matrix, and the positions corresponding to isolates were filled by randomly choosing ETs from a hypothetical infinite population. The ET frequencies in this population were set equal to the observed frequencies among all primary root or lateral root isolates, as appropriate. When a complete sample had been simulated in this manner, the number of times an "isolate" was immediately followed by another with the same ET was recorded. The results of 10,000 such simulated samples provided the distribution of the number of identical pairs expected based on the assumption that each isolate was independent of its neighbors. The simulation was performed separately for primary and lateral root nodule isolates. In addition, a similar simulation was performed for the primary nodules of each plant separately, using the ET frequencies observed for that plant, and the resultant distributions were combined over the nine plants to obtain the distribution of the total number of identical pairs. This simulation was repeated for the lateral nodules.
The level of genetic variation was described by the Nei gene diversity measure, H (17) . This is often called average heterozygosity, but gene diversity is clearly a preferable term when haploids are being described. It is the average over loci of 1 -Y,Pi2, where Pi is the frequency of the i-th allele. It represents the proportion of loci at which two individuals chosen randomly from the population can be expected to differ and is not affected by linkage disequilibrium. For a subdivided population, the total diversity, HT, will be greater than the diversity within subpopulations, Hs, by an amount, DST, that depends on the differences in gene frequencies among the subpopulations. Relative gene differentiation among subpopulations was measured by GsTr = DsT/HT (17) . The diversity within each subpopulation and the distance between each pair of subpopulations were (18) , and Hs and DST were the unweighted means of these over all subpopulations or pairs. Because only three loci were involved, these statistics should be regarded as a convenient summary of variation at these specific loci; at least 50 loci (18) would be needed to provide reliable estimates of average diversity and distance for the entire genome.
RESULTS AND DISCUSSION
ETs of isolates from field nodules. Upon electrophoresis, each isolate had a single major band of activity for each of the three enzymes. Among the 249 isolates from field nodules, there were three distinct forms of G6PD, three of SOD, and seven of BGAL. Potentially, these could occur in 63 different combinations (ETs), but only 15 were observed (Table 1 ). If alleles at the three loci were combined randomly, the major ETs would be MSQ (i.e., G6PD-M, SOD-S, and BGAL-Q alleles), MSF, SSQ, MSM, MFQ, and SSF; with the exception of SSQ, these were all rare or absent. A comparison of this expected distribution with the observed frequencies illustrates the strong disequilibrium existing among the loci (X2 = 482; df = 19; P < 0.001).
With the exception of the BGAL-L allele, all the enzyme variants have previously been recorded from another Norfolk population of R. leguminosarum at Hainford, some 25 km distant (24) . Indeed, the only new ETs found in the present, larger sample were MFL, MSL, and MFQ, although other ETs (MFK, MSK, MFP, and MSQ) were isolated previously as R. leguminosarum biovar trifolii but not as R. leguminosarum biovar viceae (i.e., from clover, not peas).
Although most of the same ETs were observed at Morley St. Botolph as at Hainford, their relative frequencies were significantly different. ET MFF was common in both populations, but ETs FMP, MSM, MSS, SSM, and SSQ, for example, were common in one but rare in the other. The disequilibria among loci were of the same kind in both populations; for instance, ET MSF was absent from both populations, although its constituent alleles were common in both populations. Furthermore, all MFF and SSQ isolates from Morley St. Botolph had the characteristic esterase bands previously described for their counterparts from Hainford (24) . The conclusion must be that strains from one site are closer genetically to strains of the same ET from many kilometers distant than to strains of other ETs in the same population. In other words, successful recombination between ETs (or at least certain distinct classes of ETs) is a rare event relative to the geographic spread of distinct genotypes. Like Escherichia coli and a number of other bacterial species (6, 22) , R. leguminosarum is subdivided into clonal lineages with respect to its chromosomal genes.
Primary versus lateral root nodules. Isolates obtained from nodules on the primary roots had significantly different ET frequencies from those obtained from nodules on the lateral roots (Table 1) (X2 = 7.8; df = 4; P < 0.025). The ETs SSQ and SSM were less frequent in lateral nodules, while isolates with G6PD-M and SOD-F, especially MFS, were more frequent. These trends were consistently observed over the VOL. 53, 1987 0.0068 aHS, Within samples (subsamples for field nodules); DsT, between samples (subsamples for field nodules); HT, total; GST, differentiation.
Field nodule isolates at site 1; each of the 18 subsamples was from one root region of one plant, as in Table 1 .
Field nodule and soil isolates from site 1. dSoil isolate from sites 1 and 2. nine separate plants, whenever sample sizes were adequate. Three possible explanations are that the composition of the soil population changes over time (lateral nodules are formed later), that the soil population is stratified (lateral nodules are on average deeper than primary nodules), or that physiological differences between primary and lateral roots affect their strain preference. These hypotheses could be tested experimentally. Using electrophoretic patterns of total proteins, Noel and Brill (19) demonstrated comparable shifts in the frequencies of indigenous strains of B. japonicum nodulating soybeans.
Differences among plants. There was significant heterogeneity among plants in the frequencies of the major ETs (for MFF, SSM, SSQ, and other ETs pooled: x2 = 42.6, df = 24, and P < 0.025). Much of this heterogeneity, however, reflects the uneven representation of primary and lateral root nodules from individual plants. When primary and lateral roots were considered separately, the plants were not heterogeneous (sample sizes were too small to test ET frequencies reliably, but allele frequencies at individual enzyme loci were not significantly heterogeneous).
A high proportion of the total genetic diversity was thus found within individual plants; this result was also evident from an analysis of the Nei gene diversity measure, H ( Table  2 ). If two isolates are chosen randomly from the same root region (primary or lateral) of the same plant, they will differ on average at 58% of their loci (Hs = 0.5778), whereas if they are chosen from the whole sample, this difference increases only to 59% (HT = 0.5926). In other words, only 2.5% (GST = 0.0250) of the overall variation is due to differences between subsamples.
Size of clonal domains. The nodules near the top of the primary root of a pea plant are crowded tightly together, the first 20 nodules usually being within 5 cm. Nodules are therefore only a few millimeters apart, and one might expect that adjacent nodules would often be colonized by bacteria derived from the same soil colony, especially if rhizobia grow and spread along roots. This effect can be detected by examining the correlation between adjacent nodules. Among the isolates from primary root nodules, there were 34 instances of identical ETs in adjacent nodules (Table 3 ). If ETs were distributed randomly, the expected number of such identical pairs would be just 18 (based on the overall ET frequencies in primary root nodules; see Materials and Methods), and the probability of 34 or more identical pairs would be P = 0.0003, so the data clearly indicate a significant correlation between adjacent nodules. Thus, we may conclude that the domain size of an individual bacterial clone in the rhizosphere is large enough that there is a significant chance of finding related bacteria in adjacent nodules. However, it is obvious from an inspection of Table 3 that clonal domains are small relative to the whole root system of a plant.
The isolates from lateral roots provided a control for this analysis, because they were obtained by picking well-spaced nodules from different lateral roots. Thus, there should have been no correlation between consecutively numbered isolates within each plant sample. In fact, the observed number of ET pairs was 21, while the expected number was 14. The observed number was again too high (P = 0.035), but the discrepancy was much smaller and could be accounted for by the slight plant-to-plant variation in ET frequency. When the expected distribution was recalculated by using the observed ET frequencies for each plant separately, the expected count for lateral nodules was 20 (P = 0.445), whereas for primary nodules the expectation was 24 (P = 0.016); i.e., the observed number of pairs was still a significant excess.
It is perhaps not surprising that the Rhizobiium clones were well mixed in an arable soil, which would have been thoroughly cultivated before the crop was sown. It would be interesting to have comparable data from a less disturbed situation, such as a permanent pasture with clover.
Isolates from soil samples. The isolates obtained by inoculating test plants with soil did not include any ETs that were absent from field nodules ( Table 1 ). In terms of the relative frequencies of the major ETs, however, the soil-derived sample from site 1 was very different from the field nodule sample obtained at the same site (X2 = 42.3; df = 4; P < 0.001) but was not different from the soil-derived sample collected 20 m away (X2 = 9.43; df = 4; P > 0.05). In other words, there was no indication of spatial heterogeneity in the field, but the two sampling methods clearly gave different results. This result was also apparent from the analysis of gene diversity in Table 2 : the differentiation between field nodules and soil samples was considerable, particularly for G6PD, but that between the two soil samples was very small (the small negative value of DST for G6PD arose because the samples were slightly more similar than would on average be expected for two samples from the same population; it was not significant). A possible explanation for the difference between field nodulesand soil-derived samples is that it reflects a temporal change in the soil population, since the field nodules were formed some time prior to the sampling date. In this regard, it is noteworthy that the soil samples had much lower frequencies of ETs SSM and SSQ, which were also less abundant in the later (lateral) than in the earlier (primary) One strain was isolated from each of the first 20 nodules on main roots and from each nodule in a random sample of up to 20 nodules on lateral roots. ETs are coded as in Table 1 .-, No R. legiuminiosarumin strain was isolated from the nodule (see text). A blank space indicates that no nodule was available. root nodules. Alternatively, the difference between the samples may reflect host cultivar differences or any of the many differences in the nodulation environment between the soil in situ and a sterile agar medium in controlled conditions. Indeed, the real surprise is not that the samples differ, but that they include just the same range of ETs: all the ETs that were recovered under artificial conditions also succeeded in nodulating in the field. Inoculation of plants under highly artificial conditions has been used as a means of sampling the soil population (5, 19, 20) , presumably with the aim of recovering strains representative of those that would nodulate under field conditions. It is reassuring to find that isolates obtained so unnaturally can indeed be reasonably similar to those from field nodules.
